We present performance data for novel photon-counting detectors for free space optical communication. NASA GSFC is testing the performance of two types of novel photon-counting detectors 1) a 2x8 mercury cadmium telluride (HgCdTe) avalanche array made by DRS Inc., and a 2) a commercial 2880-element silicon avalanche photodiode (APD) array. We present and compare dark count, photon-detection efficiency, wavelength response and communication performance data for these detectors. We successfully measured real-time communication performance using both the 2 detected-photon threshold and AND-gate coincidence methods. Use of these methods allows mitigation of dark count, after-pulsing and background noise effects.
INTRODUCTION
Free-space optical communication technology is advancing rapidly. For example, both direct and coherent detection space-flight systems have been demonstrated recently. For free-space, as with terrestrial communication systems, coherent systems have a great advantage for high data rates. However, adaptive optics or dense multiple-aperture systems are needed for ground-based coherent systems, all of which must operate with atmospheric turbulence. Conversely, for direction detection, cost-effective, commercial, systems using high power lasers operating in the nearinfrared, one typically achieves very high sensitivity with photon-counting receivers. The largest commercial advantage for free-space optical communication leverage is typically through the use of long-distance telecommunications optical transceiver components that operate near 1550 nm wavelength. New low-cost 10 Gbps fiber-optic data link transmitter components are also available at 850 nm and 1310 nm. In this paper, we explore possible options for photon-counting detectors that are compatible with at least one of these wavelengths. Our goal is to explore avenues for lower cost photon-counting receiver options while trying to operate at the highest possible receiver data rates.
The highest data rate (2.5 Gbps) photon-counting receiver system demonstrations 1 used superconducting nanowire detectors. In this paper, we demonstrate photon-counting receiver systems that may provide an avenue to much lower cost. A lower-cost single receiver may also provide a path to a lower-cost wavelength division multiplexed (WDM) system for higher data throughput.
Photo-receivers for direct detection high-data-rate free-space optical systems are challenging. For ground-based systems, atmospheric turbulence produces a moving blur spot. Even with a tip/tilt receiver mirror system to eliminate the motion, the detector's area is still an important consideration. Conventional semiconductor single-detector photoreceivers have limited bandwidth due to the capacitance associated with a large area. One of the best conventional semiconductor single-element photodiodes is the near-infrared enhanced linear-mode silicon avalanche photodiode detector (APD). A receiver sensitivity of 23 photons/bit at bit-error ratio (BER) = 10 -2 was achieved 2 at 1064 nm wavelength (200 MHz detector bandwidth using 10 ns slots). Extending linear-mode silicon APDs to higher data rates comes at the expense of reducing the detector area.
At near-infrared wavelengths, photomultipliers (PMTs) have low quantum-efficiency and limited bandwidth (despite avoiding the capacitance issue). PMTs were successful in the European ground station in the Lunar Laser Communication Demonstration (LLCD), achieving 3 a receiver sensitivity of 16 photons/bit (0.8 detected-photons/bit) using 39 Mbps 16-ary PPM at 1550 nm. The alternative to a large monolithic single-element detector is to use an array comprising multiple individual detector elements (pixels). Large capacitance issues are avoided by using a number of small pixels. For Geiger-mode devices the dynamic range is directly proportional to the number of pixels. For freespace communication through the atmosphere a minimum of 20 dB dynamic range is a goal. An interleaved array of superconducting nanowires single photon detectors (SNSPD) were used at the White Sands Ground Station in LLCD. With the SNSPD array, LLCD achieved 3 a receiver sensitivity of 1.5 photons/bit at 39 Mbps and 3.5 photons/bit at 622 Mbps with 16-ary PPM at 1550 nm. An asynchronous array of Geiger-mode InGaAsP avalanche photodiodes with a custom read-out integrated circuit was proposed and tested for the Mars Laser Communication Demonstration. This system achieved 4 1 detected-photon/bit at 14 Mbps at 1064 nm wavelength. We note that having a large number of pixels mitigates issues due to detector post-detection dead time for Geiger-mode APD arrays.
PHOTON-COUNTING THEORY
The theoretical quantum limit for the bit error rate (BER) for on-off keying (OOK) is:
where λ is the average photon rate for the asserted signal -K1, (K1 = 1). Some single-photon sensitive detectors can nearly achieve this quantum limit. However, dead-time, dark counts, after-pulsing and excess noise are challenges for many photon-sensitive detectors. To mitigate these effects, we compared two methods. In Method 1 we set the detection threshold at the 2-photon level. In Method 2 we use 2-arrays with a high-speed AND-gate for coincidence detection.
The calculated BER for Method 1 (Set threshold at the 2-photon level) is:
The calculated BER for Method 2 (Use 2-arrays with AND-gate and coincidence detection) is given by:
In the next Section we compare the experimental and theoretical performance for these methods.
FREE-SPACE OPTICAL COMMUNICATION BENCH EXPERIMENTS

Silicon Geiger-mode avalanche photodiode array
We present a simple method to greatly reduce dark-count and after-pulsing noise to allow high-rate free-running photoncounting receivers. The method is applicable to any photon-counting array technology. The method uses three key ideas that individually (or in pairs) have been used previously -but to our knowledge not all three together. The key ideas are: 1) use an array of photon-counting elements wired together as a single detector 2) use a high pass filter, ideally on each array element 5 (or on the array output to only preserve the information-bearing portion of the waveform), and 3) depending on the photon-counting element excess noise, use either a "two-photon" intensity threshold level or an ANDgate with coincidence detection.
At 850 nm, the commercial fiber data link transceivers are extremely low-cost (< $1k). 20 Gbaud rates were recently demonstrated 6 using an 850 nm Vertical Cavity Surface Emitting Laser (VCSEL) transmitter and a GaAs PIN diode 22 GHz photoreceiver. Commercial tapered amplifiers are available 7 with average powers up to 3 W and quasi-CW peak power to 56 W 8 . For free-space optical communication, atmospheric transmission is slightly lower at 850 nm. The key system component on which free-space communication depends is a high-sensitivity high-bandwidth receiver. The Sensl de were accumu Figure 3 show The experimental bit error ratio of two Sensl silicon APD arrays with AND-gate coincidence detection (and 85 kcps background noise) is shown in Figure 4 for several data rates. orm with Figure 7 . dTe APD e Using a 2x4 subsection of the DRS HgCdTe 2x8 APD array, we added a high-pass filter to each pixel's external output and combined the 8 pixel filtered outputs with an impedance-controlled electrical combiner to demonstrate a real-time communication through the Bit-Error-Ratio Tester at 110 Mbps (RZ-OOK 10% duty cycle) at 8x10 -8 BER. With this duty cycle (10%), the maximum data rate is limited by the detector timing jitter (measured as ~900 ps). Further improvements are needed in the electrical combiner circuitry to optimize the system.
FUTURE WORK
Under a lidar receiver program, we are developing a resonant-cavity silicon APD array 11 optimized for use at 1030 nm wavelength. For optical communications, a similar device optimized for use at 850 nm wavelength is promising. At 1550 nm wavelength, we hope to pursue an array of InGaAs Negative-Feedback-Avalanche-Diodes 12 (NFAD). We believe that >1 Gbps with a single array (in InGaAs) and multi-Gbps with WDM should be viable. We plan to improve the electrical combiner circuitry for the HgCdTe APD. Including this circuitry as part of a Read-Out-Integrated Circuit (ROIC) would be ideal. The HgCdTe APD timing jitter can be improved by incorporating an external electric field into the device design.
SUMMARY
We demonstrated high-data-rate (up to 400 Mbps) free-space optical communication with a photon-counting receiver using three ideas: 1) use an array of photon-counting elements wired together as a single detector 2) use a high pass filter, ideally on each array element (or on the array output to only preserve the information-bearing portion of the waveform) and 3) depending on the photon-counting element excess noise, use either a "two-photon" intensity threshold level or an AND-gate with coincidence detection. Use of these methods allows mitigation of dark count, after-pulsing and background noise effects. Commercial 850 nm VCSEL transmitters and silicon APD Geiger-mode arrays provide a viable path to low-cost high-rate (500 Mbps) free-space optical communication links. We achieved excellent communication performance at 50 Mbps @1550 nm with single-pixel HgCdTe APD and demonstrated external filtering and multi-pixel array combining to achieve 110 Mbps data rate.
